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Abstract: The mass measurement of supermassive black
holes (SMBHs) is a very complex task. Between several
methods for SMBH mass measurements, some of them use
the spectral lines, which indicate the motion of the emit-
ting/absorbing material around an SMBH. Mostly, there is
an assumption of virialization of line emitting gas in the
region which is close to the central SMBH. In this paper
we will give an overview of methods for the SMBH mass
measurements using broad emission spectral lines observed
in Type 1 AGNs. First we give the basic idea to use the pa-
rameters of broad lines to SMBH mass measurements. Af-
ter that we give an overview of broad lines from X-ray (Fe
kα) to the IR (Pashen and Brecket lines) which have been
used for SMBH mass estimates. Additionally, we describe
and discuss a new method for SMBH mass measurements
using the polarization in the broad lines emitted from Type
1 AGNs.
Keywords: acitve galactic nuclei; black holes; methods
1 Introduction
It is generally accepted that super-massive black holes
(SMBHs) are located in the center of massive galaxies.
This has been confirmed by recent observations of SMBH
shadow in the center of active galactic nuclei (AGN) of
M87 galaxy [1]. SMBHs have a significant influence on the
structure of the host galaxy, that has been observed as
some relationships between the central SMBH mass and
their host galaxy structures (see e.g. [2-5],etc.)
The kinematics and physics of matter that surrounds
central SMBHs have been strongly affected by their gravi-
tational fields [6]. Moreover, an SMBH has in general influ-
ence on the host galaxy formation and evolution [7]. There-
fore the investigation of the SMBHs is a very important
task in the astrophysics today.
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Generally, a black hole is defined by its mass, spin
and electricity, where the mass of SMBHs seems to be the
most important parameter. Consequently the mass mea-
surements of SMBHs on different cosmic scales and their
connections with the structure and evolution of the host
galaxies can give more information about the evolution
of our Universe. This implies that estimates (or measure-
ments) of SMBH masses are very important for cosmolog-
ical investigation.
However, the measurement of SMBHmasses in the cen-
ter of galaxies represents a very complex task (see e.g. [8]),
and there are several methods to perform these measure-
ments. Mostly we divided them into direct and indirect
methods. The direct methods use the dynamics of stars
and emitting/absorbing gas which are accelerated by an
SMBH itself. On the other side, the indirect methods use
some correlations between some parameters of galaxies and
their black hole masses (see e.g. [2]). In both cases, spectral
lines can be used in the SMBH mass measurement.
In the direct methods, we use a fact that stars and
gas emit/absorb lines, and that an SMBH has influence
on the motion of the stars/gas. Consequently gravitational
influence can be observed in the line profiles (as a line shift,
or/and in the broadening effects of the line Full Width at
Half Maximum – FWHM).
If one observes a group of stars around an SMBH,
which are emitting an absorption line, the influence of
SMBH can be seen in the line dispersion. Therefore, the
relation between stellar dispersion in host bulge stars and
SMBH masses is widely used to estimate SMBH masses (so
called MSMBH – σ∗ relationship, see [2, 9-12], etc.).
In the case of AGNs, one can observe emitting gas
around an SMBH, that is probably virialized. The emis-
sion lines emitted from this gas can be redshifted due
to the gravitational redshift, and/or FWHM could reflect
the gravitational bounded motion, which depends from the
SMBH mass [8,13,14]. These facts are often used to esti-
mate the SMBH masses. Additionally, it has been found,
recently, that polarization in broad lines of Type 1 AGNs
can be used for SMBH mass measurements (see [15-17]),
and that this method gives good agreement in comparison
with reverberation and MSMBH – σ∗ methods [17].
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In this review, we will discuss the influence of the
SMBH mass to the spectral line shapes emitted from the
gas around SMBHs in the case of Type 1 AGNs. The aim
of this paper is to give an overview of the possibilities to
use emission lines originated from different regions of an
AGN (from the accretion disc to the outside regions near
to the inner part of dusty torus) which are emitted in dif-
ferent spectral bands (from the X-ray to the infrared) for
SMBH mass measurements. To do that we compile the re-
lations for SMBH mass measurements using broad lines
(from different spectral bands) taken form literature. Addi-
tionally, we try to give a critical discussion about possibility
to use specific broad line for the SMBH mass determina-
tion. The paper is organized as following: In §2 we give
short overview of the emission lines which can be observed
in Type 1 AGNs, §3 describes some effects that we expect
to see in the spectral line shapes. In §4 we give overview
of relations between different line parameters in different
spectral bands and black hole masses which can be used
for SMBH mass estimates. Finally, in §5 we give our con-
clusions with a small critical discussion about accuracies of
presented methods.
2 Spectral lines in the SMBH
vicinity
An SMBH is mostly located in the center of galaxies, there-
fore, one expect to have stars and gas around the SMBH.
From spectral observations of active galactic nuclei, it is
known that physics and kinematics of emitting gas around
black hole could be quite different.
Very close to the SMBH one expect to have very hot
gas, that is in the form of an accretion disc, i.e. gas is
accreting in the SMBH. This, hot gas, can produce a very
intensive X-ray radiation and very often in spectra of Type
1 AGNs the X-ray lines can be detected. One of the most
intensive line in the AGN X-ray spectral band is Fe Kα
line, with rest energy of E0 = 6.4 keV (see e.g. [18-23],
etc.). Since the emission of the Fe Kα line can be from the
last stable orbit, then the line shape is strongly influenced
by the SMBH gravitation and some SMBH parameters are
reflecting the Fe Kα line shape (see [21] in more details).
An AGN accretion disk is surrounded by a region
which emits broad lines, so called the broad line region
(BLR), that can be very complex (see e.g. [24]) and differ-
ent broad lines can come from different emitting regions.
For some emitting regions, the physical conditions are such
that high-ionization lines (HILs), for which higher energy
is needed to ionize an atom, can be formed. As an example
C IV λ1550Å is typical HIL with ionization around 54 eV
(see [24]).
On the other side, there are low-ionization lines (LILs),
as e.g. Hydrogen Balmer lines and Mg II λ 2800 Å which
are probably originating in different parts of the BLR [14].
It is expected that the inner part of BLR is emitting HILs
(e.g. C IV and C III]). The shape of HILs often indicates
some kind of outflows in the BLR, therefore, the geome-
try of LILs and HILs may be different. Also, there is an
emission of Hydrogen Pashen and Brecket series that can
be observed in the infrared spectral band. The lines are
probably coming from an outer part of the BLR, that can
be detected also in Type 2 AGNs (AGNs without broad
lines in the optical spectral band), and can be used for
measurements of SMBH masses in Type 2 AGNs.
Here we discuss possibility to measure SMBH masses
using Fe Kα, UV, optical and infrared broad lines which
are observed in AGN spectra. The list of lines considered
to be affected by the central SMBH, and consequently used
for the black hole estimate is present in Table 1.
3 Expected influence of SMBH
to the spectral line shapes
An SMBH can be surrounded by emitting gas, that is ac-
creting into the SMBH in a form of the accretion disc. The
disc emits photons in a wide energy range, from X-ray to
the far infrared emission. The X-ray and UV photons (with
high energies) can photoionize the gas in the BLR that is
farther from the central SMBH, but it is still driven by
SMBH gravitational force. The photoinized gas emits lines
which are affected by this motion and their width and shift
can be used for the SMBH mass determination.
As it is shown in Fig. 1, the photoionized clouds have
different velocities, clouds closer to the SMBH (green)
should have higher velocities and contribute to the line
wings (see Fig. 1 upper left panel), while the clouds farther
from the central SMBH are contributing to the central part
of a broad line.
On the other side, there is a rotational-like motion of
clouds, and clouds which are approaching to the observer
contribute to the blue line part, and the ones which are
receding contribute to the red line part. Then different
random gas velocities in combination with the rotational
motion (that is a function of the distance from the cen-
tral SMBH, see Fig. 1) lead to the line broadening. The
FWHM reflects the motions of gas which has the rotational
component, but also the component of randomly motion of
clouds. Both of the velocity components depend on the
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Tab. 1: The list of AGN broad lines which have been used for SMBH mass measurements.
Emission Rest wavelength Spectral range Ref.
Fe Kα 6.4 keV X-ray 66-70
Lyα 121.5 nm UV 71-76
C IV 155 nm UV 54, 56, 78-84
CIII] 190.9 nm UV 76,84,89,90
Fe III UV bump 204-211 nm UV 61,62
Mg II 280 nm UV 56,62,76,84,92-97
Hβ and Hα 486.1 nm, 656.3 nm optical 103-116
Paα, β Brα, β 1282-4051 nm infrared 117-121
gravitation field of central SMBH. Therefore, in the case of
virialized gas motion the FWHM should be connected with
the SMBH mass. Additionally, in the case that the emit-
ting region is close to the SMBH, the line red shift and/or
line profile asymmetry (as it is shown in Fig. 1) caused by
the gravitational redshift could be observed (see [25]).
3.1 Mass of SMBH and line width
First idea about possibility to use broad spectral lines for
SMBH mass measurements in the case of AGN was es-
tablished in late 1070s, i.e. around ten years after quasar
discovery (see [26,27] and critical discussion in [28]).
Assumption that in the SMBH vicinity the emission
gas is virialized implies that the line FWHM is reflecting
the rotation velocity (vgas) in the BLR due to gravitational
motion around the SMBH with mass MBH. The gas veloc-
ity is connected with the SMBH mass as:
v
2
gas ≈
GMBH
R
, (1)
where R is distance of the emitting region that emits a
broad line, and G is gravitational constant.
As it can be seen in Fig. 1 the line-of-sight (LOS) of
an observer concerning the rotation velocity can have dif-
ferent angles, i.e. different inclination (θ), then FWHM is
connected with velocity of gas as:
FWHM ≈ vobs = vgas cos θ,
where vobs is projected velocity on the LOS. The line width
depends on contribution of the approaching and receding
velocities (shown in Fig. 1 as vertical blue and red arrows,
respectively), where the clouds closer to the SMBH will
contribute to the far line wings, and clouds which are far-
ther from the SMBH contribute to the central part of the
line (in Fig. 1 upper panel, above the line profile is shown
color which corresponds to the clouds color).
Eq. (1) can be used in the case in the case of fully
virialized emitting gas, and also if the projected velocity
corresponds to the total velocity, i.e. from the angle of ob-
servation. On the other hand, to measure the mass of the
SMBH, one should know the distance of the emitting cloud
(or emitting clouds, see Fig 1). In principle in the case of
the BLR, there are a group of emitting clouds with geom-
etry that may be disc-like, but also there can be different
geometries (see e.g. [24]). Therefore, the SMBH mass is
obtained using following relation (see e.g. [8]):
MBH = f ·
v2obsRBLR
G
, (2)
where f is the virial factor which includes the inclination
and geometry of the BLR.
As we noted above the velocity of gas can be estimated
from FWHM of a broad line, and second problem is to
estimate the dimension of the BLR (RBLR) which emits
the broad line.
One of the first ideas was to use the luminosity of
broad lines, since the dimension of the BLR is in close
connection with the luminosity. Here we simply (from his-
torical reasons) mention, so called, Dibai method (see [26-
28]) that follows a simple logic that luminosity in the broad
line should be proportional to the BLR volume, and con-
sequently
RBLR ∼ L
1/3
line,
and then the SMBH mass can be obtained as (see [28]):
MBH =
3
2
RBLRv
2
G
,
where the velocity of the gas, v, was estimated from FWHM
(see more details in [26]). Using this, very simple logic,
estimated value of the black hole masses were in a relatively
good agreement with more precise reverberation method
(see discussion in [28]).
More precise method is to determine RBLR from the
variability, so called reverberation method, that was also
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Fig. 1: Scheme of the emitting gas motion in the SMBH vicinity (below) and expected broad line profile (up) with contributions of
different emitting clouds (with rotation-like motion, red arrows denote receding velocities, and blue approaching velocities to the ob-
server). The upper panel shows the line profiles with a red asymmetry, that is assumed to be due to gravitational redshift (red horizon-
tal arrows oriented to the central SMBH).
given as an idea in 1980s (see [29-32]). Reverberation is a
very effective way to estimate dimensions of the BLR since
the most of AGNs show variability in the spectral lines
and continuum. Assuming that the continuum source is
very compact, the averaged BLR size corresponds to delay
between variability in the continuum and in the broad line
flux, i.e.
RBLR ≈ c∆τ,
where c is the speed of light and ∆τ is the time delay
between the continuum and broad line flux variability.
This idea has been developed 1990s, from different groups
(see e.g. [33-41]), and the monitoring campaigns continue
until today (see e.g. [42-53]1. The reverberation method
for BLR dimension detrmination and consequently SMBH
mass measurements, has been used to find so called radius-
luminosity relation (R-L relation, see e.g. [43,46, 48. 54-
60]). The relation in the form of
log(RBLR) = a · logLcont + b,
1 Note here that there are a lot of works show-
ing the results of monitoring campaigns, see e.g.
http://www.astro.gsu.edu/AGNmass/
where RBLR is the dimension of the BLR (which is emit-
ting the broad line) and nearby continuum. This connection
for different lines is important to measure SMBH masses
from an epoch observation for AGNs on different cosmo-
logical scales. As e.g. for low-redshifted AGNs, this relation
is found for the infrared and optical (mostly Hα and Hβ)
lines. In the UV there are relations for Lyα, C IV, C III]
and Mg II lines (see §4).
3.2 Mass of SMBH and line shift
The gravitational redshift is the second effect that can be
produced by the influence of SMBH mass to the broad line
profile. If one emitting cloud (EC) is at the distance REC
from SMBH of mass MBH (see Fig. 1) it is expected that
gravitational redshift, zg is (see [13,25]):
zg =
GMBH
c2REC
(3)
where c is the speed of light.
The gravitational redshift effect mostly can be seen in
the case of the broad Fe Kα line (see [18-22]), however, one
can expect that this effect can contribute to the asymmetry
of the UV/Optical lines (see [13,14,25]). As it is shown in
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Fig. 1, the clouds which are closer to the central SMBH will
have the highest velocities (approaching and receding ve-
locities) and their emission will contribute to the blue/red
line wings. If there is the gravitational redshift, it can be
seen as a redshift of whole line (see e.g. [25,61,62]), or as a
strong asymmetry (as it shown in Fig. 1 upper right panel),
and there is difference in so called intrinsic redshift of a
line, i.e. the redshift difference between the FWHM and
Full With at 10% of Maximal Intensity – FW10%M (see
e.g. [13] and [14]). Note here that in the case of the gravita-
tional redshift one can measure the asymmetry at different
maximal intensity of the line, taking that the center of line
(coming from clouds farther from the SMBH, see Fig. 1)
has negligible gravitational redshift, and that gravitational
redshift affects the line wings (at 5% and 10% maximal in-
tensity, FW5%M and FW10%M, respectively – see upper
panel in Fig. 1).
3.3 BLR virialization and geometry
One of the big problem in the SMBH mass measuring using
broad lines is the assumption that the BLR is virialized.
One can expect that in the strong gravitational field the
motion of the clouds is driven by the gravitational force.
However, one cannot exclude some other strong motions,
as e.g. outflows that mostly is present in the HILs (see e.g.
[63] in more details), but also outflows can be present in
the LILs (see e.g. [14] and [64]).
In the case of strong outflows, the part of line profile
can come from the region that is not virialized. In that case
using the broad lines as tool to measure of SMBHmass can-
not give some valid results. In principle the systematic red-
shift is not dominant, and consequently the gravitational
redshift cannot be measured. Contrary, in HIL, as e.g. in
C IV a blue shift mostly can be observed, i.e. outflowing
emitting region in this line is present [65].
As it is seen in Fig. 1, the angle of view is very im-
portant for projected velocities in the emitting region, i.e.
the inclination of the emitting region is also important for
using Eq. 2. Additionally, beside the rotating-like region
(assumed to be virialized) there can be additional emission
from a region that is not virialized and this should be taken
into account. These effects are assumed to be accounted in
the virial factor f given in Eq. 2 (more about the virial
factor f see in §4).
One of the methods which can be applied to explore
virialization is to compare the widths and intrinsic shifts
of broad lines (see e.g. [13] and [14])
4 Broad spectral lines and SMBH
measurements
In Table 1 we give a list of broad lines (with useful refer-
ences) which have been used in the SMBH mass measure-
ments. In this part we will shortly discuss validity to use
each of the lines from the list for SMBH mass estimates.
4.1 Fe Kα line
Iron Fe Kα is assumed to be originate in the innermost part
of the accretion disk [18-20] and should reflect the mass of
the black hole. There are some effects that can be clearly
seen in the Fe Kα line profiles. The specific Fe Kα shape
indicates an accretion disc line origin [19-22] that should
be close to the SMBH. This implies that the line could
be used for SMBH mass measurements [66-67], however
there are several problems to use the Fe Kα line for SMBH
measurements. First problem is that line is originated in
an accretion disc, and the line parameters are strongly de-
pending from the disc parameters (see [19-22] and [66,67]).
Second problem is that is very hard to determine the dis-
tance of the Fe Kα emitting region, since the reverberation
in Fe Kα line (see e.g. [68-70]) cannot give distance of the
line emitting region. Simply, the line is formed in the re-
gion where also X-ray continuum is originating, therefore,
we cannot expect to have time delay as it is expected in
the optical and UV lines.
Variability in the Fe Kα line intensity and shape is
connected with different processes in the innermost part of
an AGN. In principle Fe Kα line can be formed in three
distinct regions: (i) in the accretion disc that is very close
to the SMBH; (ii) as a reflection from the X-ray corona;
and (iii) in the outflowing region. It means that problem
is also with virialization of the line, especially in the part
that is emitted in the outflowing region..
Taking all stated above, one can conclude that the
Fe Kα (especially with resolution that can observed with
present day X-ray telescope) is not good enough for SMBH
mass estimates.
4.2 The UV lines
Using the UV lines one is able to estimate SMBH masses
at larger cosmological scales (higher redshifts), since the
cosmologically redshifted UV lines can be observed in the
optical/infrared spectral bands. Mostly Lyα, CIV, C III]
(HILs) and Mg II (LIL) lines have been used for SMBH
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mass estimates. Also, recently a method that uses the UV
Fe III λλ2039-2113 lines has been proposed (see [61,62]).
4.2.1 Lyα line
The Lyα line is a bright line in AGN spectra, and therefore
expected to be used in the SMBH mass estimates. The line
is in the UV spectrum (λ = 1215Å), and can be detected
in the case of high redshifted AGNs, i.e. can be used to
measure SMBH masses at larger cosmological scales, that
is important for investigation of galaxy evolution and cos-
mology.
There are several reverberation campaigns (see e.g. [71-
76]) where a relatively small time lag has been found. This
implies that the Lyα emitting region is small (a couple days
in the dimensions). The monitoring campaigns provide the
relationship between the dimensions of BLR and the nearby
continuum luminosity. Recently, it has been found the rela-
tion between BLR dimension and the continuum luminos-
ity at λ1345Å (see [76]) as:
log(RLyαBLR) = (0.61± 0.80) + (0.35± 0.19) log(L1345),
where RLyαBLR is photometric dimension of the Lyα BLR
given in 10 light years, L1345 is given in 1043 erg s−1. The
BLR dimension in combination with FWHM (see Eq. 2)
can be used to SMBH estimates.
We should note here that Lyα line has a high atomic
probability, this may cause that a part of line emission
can be originated in a non-virialized region. Also, the Lyα
line could be partly absorbed that can affect the measured
line FWHM. Also, there is a question about validity of
reverberation to determine the sizes of Ly α BLR, since we
cannot assume that the continuum source is point like (with
respect to the Lyα BLR dimensions). All of these facts are
not in favor to use the line for SMBH mass estimation,
but in any case using this line we can at least have some
indication about SMBH masses of distant AGNs.
4.2.2 C IV line
The C IV line, as a rule shows a blue asymmetry and the
line is often shifted to the blue (see [65]), however the line
is very bright in the spectra of high-redshifted quasars and
it is very often used to estimate their masses.
One of the ways to calibrate the C IV line for mass de-
termination is to use measurements for Hβ and Mg II lines
which are assumed to be more virialized, i.e. the influence
of an outflowing region in these lines is not so important
as it is in the C IV one. However, comparing the Mg II
and C IV in a large sample of quasars, it was found that
there is a weak correlation between the widths of these two
lines [77]. It means that C IV is probably weakly virial-
ized. There are several attempts to calibrate the C IV line
using Balmer lines (see e.g. [78]), and there are several re-
lations between the C IV line width, nearby continuum (at
λ1350Å or λ1450Å) and SMBH masses, which can be used
for the SMBH mass estimates using the C IV line (see e.g.
[56,78,79]). It is widely used relation given by Vestergaard
& Peterson [56]:
log(MBH) = (6.66± 0.01) + 2 · log(FWHMCIV)+
+0.53 · log(λLλ1350),
FWHMCIV is given in 10
3 km s−1 and Lλ1350 is the lu-
minosity at λ1350Å given in 1044 erg s−1
There are several works which try to improve the rela-
tion between the C IV width (or velocity dispersion), the
local continuum and black hole masses (see [79-82]). The
main problem is that there is contribution of non-virialized
emission, i.e. a blue shift in C IV broad line is (as a rule)
present (see e.g [77,83]), which is indicating an outflowing
region. Therefore, there are several attempts to find a cor-
rection that the C IV can be fully used for SMBH mass
estimates (see 78,79,82,84].
As an example, Mejía et al. [84] gave some improve-
ments of the relation using the luminosity ratios. The rela-
tion for SMBH mass estimate (using C IV line parameters)
that was calibrated to the Mg II mass measurements taking
C III] and C IV line ratio is given as [83]:
MBH = 5.71 · 10
5
· L
0.57
1450 · FWHM(CIV )
2
·
·
(
LP (CIII])
LP (CIV )
)−2.09
,
where L1450 is the continuum luminosity at λ1450Å given
in 1044 erg s−1, FWHM(CIV ) is the FWHM of C IV line
given in 103 km s−1, LP (CIII]) and LP (CIV ) are the
intensity of C III] and C IV lines, respectively.
This and similar approaches (see e.g. [77,85-87]) which
include additional spectral characteristics where inspired
by the Baldwin effect [88], where C IV line shows an anti-
correlation with the local continuum, i.e. show some phys-
ical connections between the different spectral characteris-
tics.
Note here that for C IV BLR dimension estimates. the
continuum luminosity at λ1345Å have been used (see [76])
and also the luminosity of C IV line [89]. As e.g. in [89] the
relation between C IV BLR dimensions and line luminosity
is given as:
log
(
R(BLR)CIV
)
= 0.69 + 0.6 log
(
LCIV
1042
)
,
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where R(BLR)CIV is given in light days. The above equa-
tion with the FWHM of C IV can be used (in Eq. 2) to
estimate SMBH masses.
Taking the discussion above we can say that the C IV
line is not perfect for the SMBH mass measurements, but
still can be used with some modifications, where the line
peak intensity of different lines have been included (see also
[86]).
4.2.3 CIII] line
The CIII]λ1909Å line in spectra of AGNs is weaker than
C IV, but still it has been considered to be used for
SMBH mass estimates (see [76,84,90]). The problem with
the line is that in its blue wing there are two satellite lines
AlIII]λ1857Å and Si III]λ1892Å. There are several investi-
gation in order to find the dimensions of these regions and
to use the line for determination of the SMBH masses. It
seems that the emission regions are several light days in di-
mensions (see e.g. [89]). As e.g. the dimension of the C III]
BLR (RC III] in light days) as a function of the luminosity
at λ1350Å (Lλ1350Å in 1043 erg s−1) is given in [76] as:
RC III] = (1.10± 0.77) · (λLλ1350)
(0.26±0.16)
.
This estimate of the BLR dimensions can be used (see
Eq. (2)) to estimate SMBH masses. However, there is a
large uncertainty coefficients in equation above, and conse-
quently in the RC III] determination. Taking this into ac-
count and that the C III] line is contaminated with Al III]
and Si III] lines (i.e. that can affect FWHMmeasurements),
the line is not often used for SMBH mass estimates.
4.2.4 Fe III λλ2039-2113Å line blend
The line shift is not often used to measure the masses of
SMBHs, but we can expect that an emitting region located
close to the SMBH can have a gravitational redshift (see
[13,25,91]). This, recently, has been used to interpret the
shift of the Fe III λλ2039-2113Å line blend as a gravita-
tional redshift by Mediavilla et al. [61,62]. They found a
relationship between the shift of the Fe III bland (zFeIII),
the continuum luminosity at λ1350 and black hole mass as
(62]:
MBH = 10
a
zFeIII · (λLλ1350)
b
,
where the SMBH mass is given in Solar masses, zFeIII in
103 km s−1, Lλ1350 in 10
41 erg s−1 and coefficients are:
a = 7.89−0.11-0.13 and b = (0.57± 0.08).
The method has been tested and seems to give a rea-
sonable accuracy with respect to other methods (see in
more details [62]).
4.2.5 Mg II line
There are a number of papers discussing the Mg II
λ2800Å line as the SMBH mass estimator (see e.g.
[13,14,56,62,76,84,92-97]. It seems that the Mg II line is
one of the best UV lines for SMBH mass measurements,
and it has been used for estimates of the SMBH masses of
higher cosmological redshifted quasars. But also the Mg II
line has been used for the calibration other UV lines (first
of all C IV line).
The relations between the SMBH mass, luminosity at
λ3000Å (Lλ3000) and Mg II FWHM were given in several
papers (starting from relation given in [56] to one given in
[97]). In principle the SMBH masses from Mg II line seem
to be consistent with virial assumption as (see [96,97]):
MBH ∼ (Lλ3000)
0.5
· FWHM
2
MgII,
that is often presented in the the log-scale as:
log(MBH) = α+ β · log(Lλ3000) + γ · log(FWHMMgII),
where α, β and γ are constants which are derived from
comparison of the Hβ line and Mg II line in a number of
AGNs (see e.g. [92-97]). As we mentioned there are different
estimates for constants, as an example in [93] by fitting a
number of AGNs they give following constant values: α =
1.15 ± 0.27, β = 0.46 ± 0.08, and γ = 1.48 ± 0.49, where
the mass is given in 106M⊙, the FWHMMgII is given in
103 km s−1, and the Lλ3000 in 10
44 erg s−1.
It seems that the FWHM of Mg II is systematically
smaller than Hβ line, but still can be calibrated using the
Hβ and give good results for SMBH masses. However, one
should be careful with using Mg II line, since the line pro-
files seem to be different than Hβ region (especially in the
line wings, see e.g. 13,14]) and in some cases the line vari-
ability indicates that the line is not originated in the vi-
ralized region (see e.g. [61,62]). Also, there can be problem
with very broad Mg II lines (FWHMMgII >6000 km s
−1,
see [98]) where a non-virialized emission can be dominant
(see [14]). Additionally, from the reverberation of the Mg II
line and local continuum (at λ3000) it is clearly seen that
response the Mg II to the continuum variability is smaller
than in the case of Balmer lines (see [99-102]). All of these
facts indicate that one should be very careful when using
the Mg II line for SMBH mass estimates.
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4.3 Optical lines
4.3.1 Hβ and Hα lines
In the optical part of AGN spectra, the Balmer lines are
dominant, first of all, broad Hα and Hβ lines. It seems
that Hα and Hβ broad lines are virialized, and that they
are originated in a flattened BLR (disk-like that is close
to the face-on orientation to the observer, see e.g [103]).
However, the reverberation mapping of the Hβ and Hα
emitting region shows that they are probably different in
dimensions (see e.g. [104-107]). Note here that Hα line has
a higher atomic probability than Hβ and there is always
possibility that some portion of Hα emission is coming from
a non-virialized region, therefore, the Hβ seems to be more
reliable for the SMBH mass measurements than Hα.
The main goal of reverberation mapping of Balmer
lines, mostly the broad Hβ line, is to clarify the BLR geom-
etry and dimensions in order to use Eq. 2 for mass deter-
mination. First of all the time delay can be obtained from
the cross correlations between the continuum and broad
line variability in order to find the BLR dimensions, i.e.
RBLR−Lλ5100 relation. This relation (usually find for Hβ)
have been using for single epoch SMBH measurements and
for calibration of the UV lines (first of all C IV and Mg II,
see text above).
The RBLR − Lλ5100 relation can be written as [108]:
log(RBLR) = A+ α · log(λLλ5100),
where A and α are constants, which are mostly obtained
from fitting the obtained time lags. As e.g. Bentz et al.
[109] gave: A = −21.3+2.9
−2.8 and α = 0.519
+0.063
−0.066.
Second problem to use Eq. 2 is to find virial factor
f , that depends on the BLR geometry and inclination.
There are several estimates for factor f that has values
between 2.8 to 5.5 (see [12,110-113], and critical discussion
in [12,114]).
The Balmer lines seem to be very good tool for SMBH
mass determination, however, there are also some problems
with so called narrow line Sy 1 (NLSy1, see e.g. [115,116])
or high accreting AGNs.
4.4 Infrared lines: Paα, Pβ, Brα and Brβ
lines
The Pashen and Brecket line series can be observed in the
near infrared AGN spectra and have been used for determi-
nation of the SMBH masses (see [117-121]). The infrared
lines are interesting for SMBH mass determination since
we expect that 50% AGNs are red and obscured with dust
(see [117]). Such obscured AGNs still can show the broad
line emission in the infrared part of spectra, i.e. they show
typical spectra for Type II objects (narrow lines) in the op-
tical part. The masses of these galaxies can be determined
using the infrared spectra.
Prominent lines in the infrared part of AGN spectrum
are Paα, Paβ, Brα and Brβ lines, and the calibration of the
relations between nearby continuum (or line) luminosity,
line width (or velocity dispersion) and SMBH mass is based
on the relations obtained for the optical broad lines, first
of all by using the Hβ broad line.
The relation between the SMBH mass and the contin-
uum luminosity at 1µm and width of Pa α is given as (see
[118]:
log(MBH) = a · (2 log(FWHM) + 0.5 log(νL1µm)− b,
where a = 0.88± 0.04 and b = (17.39± 1.02), and MBH is
given in solar masses.
There are relations between the SMBH mass (in solar
masses), the luminosities of Paα and Paβ and their widths
(see [117]) that can be written as
log(MBH) = a+b·log(LPan)+c·log(FWHMPan) (n = α, β),
where FWHMPn is given in 10
3 km s−1 and LPan is given
in 1042 erg s−1. It is expected that b = 0.5 and c = 2 (see
[26,27]). The values for the coefficients are given in [117],
and they have values for Paα: a = 7.29, b = 0.43 and
c = 1.92, while for Paβ: a = 7.33, b = 0.45 and c = 1.69.
As it can be seen the values are not so far from those which
are expected in the case of photoionization.
In the case of Brα and Brβ, the relation between line
luminosity and dispersion in the line is given as (see [119]):
log(MBH) = an · (2 log(σline) + bn log(νLn) (n = α, β),
where σn is given in 103 km s−1, and Ln is given in 1040
erg s−1 and MBH is given in solar masses. The coefficients
for Brα are aα = (6.68±0.20) and bα = (0.66±0.21), while
for Brβ are aβ == (6.61± 0.23) and bβ = (0.68± 0.13).
On the other hand, the measurements of SMBHmasses
in Type 2 objects also can be combined the widths of in-
frared lines (Paα, Paα, and HeI λ1.083 µm), since they
have similar FWHM in combination with the X-ray emis-
sion (see e.g. [120,121]). The X-ray luminosity L14-195 keV
in the energy interval from 14 keV to 195 keV in combina-
tion with FWHMIR of the infrared lines can give the mass
of black hole as (see [121]):
log(MBH) = 7.75+2 · log(FWHMIR+0.5 · log(L14-195keV),
where MBH is given in solar masses, FWHMIR in 10
4 km
s−1 and L14-195keV in the 10
42 erg s−1.
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Note here that in order to measure the SMBH masses
of Type 2 AGNs, some connections (correlations, ratios)
between the narrow and broad line are explored, then using
only the narrow lines (observed in Type 2 AGNs) one can
obtained their SMBH masses. As an example mention here
recent work given in [122], where a correlation between the
luminosity of narrow [OIII] and Hβ lines (L([O III])/L(Hβ)
line ratio and the FWHM Hα has been used to find SMBH
masses in Type 2 AGNs.
4.5 Polarization in broad lines - a method
for SMBH mass measurements
It is expected that polarization in broad lines is caused
by the equatorial scattering in the inner part of the torus
(see [123]). In the case of Keplerian-like motion, it is ex-
pected that the shape of polarization angle is depending
from the velocities across the line profile (see [123,124]). It
was shown in [15] that the Keplerian-like motion in combi-
nation with equatorial scattering give a velocity distribu-
tion across the line profile as:
log(
Vi
c
) = a− b · log(tan(∆ϕi)), (5)
where c is the speed of light,∆ϕi is the value of polarization
angle across the line profile. The constant a depends on the
SMBH mass (MBH) as
a = 0.5 log
(GMBH cos2(θ)
c2Rsc
)
. (6)
where G is the gravitational constant, Rsc is the inner part
of the tours where is the scattering region located. θ is the
inclination angle between the torus and BLR. In principle
it can be considered that the BLR and torus are co-planar,
and consequently θ ∼ 0. In the case Keplerian-like motion
b = 0.5.
The equation above has been tested in a group of
broad line AGNs (see [15,17]), where the measurements
of SMBH masses with polarization method were compared
with other methods (reverberation andMBH−σ method),
and it was found that the polarization method gives very
good SMBH mass estimates. On the other hand, the limi-
tation of the method was investigated by Savić et al. [16]
using the STOKES code, and it was found that the method
can be used in the case where, beside Keplerian-like motion,
also some outflows/inflows exist in the BLR. The method
is robust and can be applied for one epoch observations,
and also can be applied for different emission lines. In the
case that Keplerian-like motion is not present, the method
cannot be used. However, the presence of Keplerian-like
motion can be simply detected in the polarization angle
shape across the line profile. This is an advantage of the
method, that there is no assumption of virialization, as it
is mostly the case in the reverberation method.
Note here, that there are some works trying to estimate
virial factor f using polarization (see [125,126]).
5 Conclusion
Here we present methods for measurements SMBH masses
in AGN using broad emission lines. We discuss the lines
from X-ray to the infrared spectra, and give an overview of
the broad lines and their possibility for SMBH mass mea-
surements. Additionally we give some of the useful relations
between the SMBH mass and spectral line parameters.
To summarize discussion above we point out following:
– The Fe Kα line seems to be very good for the investi-
gation of accretion disc structure, and potentially can
be used for spin determination, however, due to low
resolution of X-ray telescopes, and the fact that line is
originating very close to the central SMBH, it is very
hard to use this line for SMBH mass determination.
– The UV lines can be used for the SMBH mass de-
termination, however, Lyα, C IV and C III] lines are
affected by some absorption and outflows (especially C
IV) that could be used with caution. The best seems
to be Mg II line, but also there are some problems that
one has to be careful to use this line for SMBH mass
measurements.
– The optical Hα and Hβ lines seem to be very promising
for SMBH mass measurements, especially Hβ line, and
there are several estimates of the virial factor and R−L
relations that can be used for SMBH measurements.
Also, in this case, one should be careful, since there
may be a problem with different sub-types of broad
line AGNs, as well high accreting AGNs seems to have
different R− L relations.
– The IR lines are very useful for SMBH mass mea-
surements, especially in the Type 2 AGNs, where still
Pashen and Brecket broad lines are presented. The IR
lines give a unique opportunity to measure SMBHmass
in Type 2 AGNs.
– Polarization in broad lines seems to be a promising
method for measurements of SMBH masse, however,
to use the method the high performed polarization ob-
servation are required.
At the end, let us note that with new generation of tele-
scopes we expect to be able to map the motion of the
gas very close to the black hole, i.e. clearly measure gra-
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dient of velocities in clouds around an SMBH (see Fig. 1).
Recently it was performed by Gravity Collaboration (see
[127]), where Paα from the very central part of 3C 273 was
observed (with a spatial resolution of ∼36 light days), this
allows to measure the gas velocity very close to the SMBH,
and they found that the mass of this AGN is 3 · 108M⊙.
Such precise observations will be used to calibrate UV lines
in order to find SMBH masses of distant (high redshifted)
quasars.
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